BACKGROUND/OBJECTIVES: Body composition calculated using whole-body bioelectrical impedance analysis (BIA), almost invariably with height (H) and often with weight (W), can help patient management and predict clinical outcomes. This study aimed to examine the merits of this approach compared with simple anthropometry (W þ H). SUBJECTS/METHODS: Use was made of original data and validation studies based on reference body composition methods: water dilution, densitometry, dual-energy X-ray absorptiometry, and more robust methods. Prediction of clinical outcomes, including mortality and length of hospital stay, was examined in six studies of chronic obstructive pulmonary disease and a study with multiple patient groups. Vector analysis, phase angle, multi-frequency BIA and segmental impedance were not considered. RESULTS: In a broad range of study populations, from neonates to older people, in health and disease, body composition calculated using BIA with simple anthropometry frequently offered no advantage over W þ H alone, but in some situations it was superior and in others inferior. In predicting clinically relevant outcomes, the fat-free mass index (FFMI), established using BIA, had comparable and sometimes greater power than body mass index (BMI), but none of the reviewed papers used FFMI calculated from W þ H or BMI to predict clinical outcomes. CONCLUSIONS: A variable and generally weak evidence base was found to suggest that BIA with anthropometry is better at predicting body composition than simple anthropometry alone. No evidence was found from the reviewed studies that FFMI calculated from BIA and anthropometry was better at predicting clinical outcomes than FFMI calculated by simple anthropometry alone.
INTRODUCTION
The increasing research interest in bioelectrical impedance analysis (BIA) during the last three decades is reflected by the growth of publications in this field ( Figure 1 ). Many of these publications have involved people with disease who have been studied as hospital inpatients, 1 outpatients, 2,3 residents in care homes 4, 5 and free-living individuals. 6 The studies have involved specific conditions, such as chronic obstructive pulmonary disease (COPD), 7 bacterial and viral infections, including HIV, 8 renal failure 9 and many others. They have also involved neonates, 10 children of different ages 11 and both younger and older adults. 6 Despite the interest and development of more versatile and more userfriendly BIA machines with more sophisticated software, hopes that BIA would become elevated to the status of being widely used in routine clinical practice have not materialised. Few hospitals, general practices and care homes use BIA routinely, and many health-care workers are unfamiliar with the technique and its potential applications. Several reasons can be suggested to explain this lack of impact, including the reluctance of health-care workers to change their routine, reluctance to undertake additional measurements during busy work schedules, perceptions that BIA is of uncertain value and difficulties in understanding the principles and potential applications of the technique. It has been proposed that body composition established by BIA can help guide the need for nutritional support, predict clinically relevant outcomes, such as mortality, and manage specific conditions, some of which may affect only part of the body, such as lymphoedema of a limb or cerebral oedema. However, any new technology is unlikely to find widespread use in clinical practice unless it can be shown to be either more effective (or more cost-effective) than technologies already in place, or to add value to measurements or procedures that are already in place. Table 1 (upper) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] lists a number of variables (anthropometric, age and sex) that have been used with impedance to generate empirical equations to predict body composition. The number of variables per predictive equation ranges from 2 to 8, and the total number of separate items ranges from 2 to 11, of which impedance (or its two components, resistance, R, and reactance, Xc) accounts for one to two separate items. The number of separate measurement procedures (for example, for weight (W), height (H) and impedance) ranges from 2 to 5. The predictive equations are generally sex-specific. Table 1 identifies only those in which sex is a variable in the same equation. The power of predictive equations may improve significantly as more variables are used, but establishing reliable and accurate measurements for such variables may take effort and time, which is often in short supply in busy clinical environments. Because impedance equations almost invariably incorporate H and usually W (Table 1 and Fuller et al. 26, 27 ), it would be difficult to justify the additional use of BIA in routine clinical practice if it does not have demonstrable advantages over use of W and/or H ( ± age and sex) alone (Table 1 (lower)) . 16, 23, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] This paper aims to examine whether estimates of body composition based on simple BIA indices, such as the impedance or R indices (H 2 /impedance or H 2 /R, respectively), are superior to those based on W and H alone, and also whether the addition of impedance or impedance indices (for example, R, Xc, H 2 /R) to predictive equations that already incorporate W and H significantly improves the overall prediction. In addition, it aims to examine whether body composition calculated by BIA in combination with W þ H can predict clinically relevant outcomes, such as mortality and length of hospital stay, as well or better than W þ H alone, or as well or better than estimates of body composition calculated by W and H alone. It is beyond the scope of this paper to evaluate issues related to segmental BIA, multifrequency or BIA mixture theory, 41 or aspects of BIA, such as phase angle and vector analysis, which are not generally used to provide quantitative estimates of body composition. However, it is acknowledged that they could have potentially important applications in clinical practice.
IS BIA SUPERIOR TO W AND H IN PREDICTING BODY COMPOSITION?
In order to make judgements about the relative merits of bedside body composition techniques, it is necessary to use a reference method, such as densitometry, water dilution and dual-energy X-ray absorptiometry (DXA), or better still, combinations of these techniques according to models of body composition that overcome some of the limitations of the individual reference methods, for example, three-or four-component models of body composition. 42, 43 In the analysis that follows, total body water (TBW) is used as the reference method to generate predictive equations based on simple anthropometry (W and H), with and without impedance, so that their predictive power can be compared and cross-validated against another reference technique, hydrodensitometry. Table 2 summarises the relationship between whole-body impedance and TBW measured by isotopic dilution in a group of 111 healthy adults (72 women and 39 men; see footnote to Table 2 for details). The methodology for measuring TBW and impedance has been described previously. 42 1981  1982  1983  1984  1985  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008  2009 estimates (SEEs) in Table 2 ). Furthermore, the addition of H 2 /Z to W and H (W þ H) did not significantly improve the prediction obtained using W þ H alone (Table 2 also shows that the addition of W þ H to H 2 /Z does not significantly improve the prediction obtained using H 2 /Z alone). These observations are supported by examining the discrepancy between predicted and measured TBW (Table 3 ) and the associated Bland and Altman plots ( Figure 2 ). TBW was then converted to fat-free mass (FFM ¼ TBW/0.73, where 0.73 is the hydration fraction of FFM), so that the proportion of body weight due to FFM (% FFM) and fat mass (% fat) could be calculated. Figure 3 shows the difference between these predicted values of FFM (and % fat) and those obtained by hydrodensitometry (measurements carried out in only 87 out of the 111 subjects). Again, there was no advantage in using H 2 /Z over W þ H to predict FFM hydrodensitometry, and no significant improvement in the prediction of FFM hydrodensitometry when H 2 /Z was added to the anthropometric explanatory variables (W þ H) (Figure 3 ). Exactly the same conclusions were established when the procedure was carried out in reverse, that is, when hydrodensitometry was used to generate the predictive equations for cross-validation against measurements of body composition based on TBW (data not shown). There were no demonstrable advantages in using H 2 /Z over W þ H to predict FFM and % fat, and no significant improvement in the prediction when H 2 /Z was added to W þ H.
The above approach has been used many times by a variety of workers, sometimes demonstrating the superiority of equations that incorporate impedance (or its components R, Xc) over those that incorporate W and H alone, sometimes the inferiority, and, often, as in the above example, no significant difference. Such studies have involved individuals at different stages of the life cycle, some involving only neonates and others only older people. For example, in a group of prematurely born infants, who were studied in the first few months after birth, W alone was found to be better than H 2 /Z at predicting FFM measured by DXA. Furthermore, when combined with W, the impedance index offered insignificant additional information over and above that provided by W alone. 45 Another study of prematurely born neonates who were receiving intensive care also found that W was better than H 2 /R at predicting TBW, which was measured by isotopic dilution. When H 2 /R was used in combination with W, there was only a very small improvement in prediction of TBW. 46 A recent study of infants whose body composition was measured by air-displacement plethysmography 10 found that compared with impedance variables, W alone and W þ H were more strongly correlated with FFM, and that the addition of length 2 /R to the anthropometric variables did not improve the prediction of TBW, except for small improvements in infants aged 3 and 4.5 months. 10 In contrast, the addition of the anthropometric variables to the R index (length 2 /R) significantly improved the predictions, as in the previous study.
Similar approaches have also been used in children and adults, in health and disease, and in lean and obese individuals. For example, in a study of patients with end-stage renal failure involving predominantly children and some young adults (age 4.1-22.6 years), 47 14 measured TBW by deuterium oxide dilution and FFM using hydrodensitometry in healthy subjects aged 18-64 years. The impedance index (H 2 /Z) was no better at predicting TBW (correlation coefficient r ¼ 0.83) than H alone (r ¼ 0.83) or W alone (r ¼ 0.84), and it was presumably somewhat worse than the combination of W þ H (because several Table 3 . Difference between predicted and measured TBW in men and women There was a negative relationship between the difference in TBW (predicted À measured) and the average of the two methods for all the comparisons (r values ranging from 0.202 (P ¼ 0.088) to 0.386 (P ¼ 0.015)). studies in adults have found that W þ H are superior to W alone or H alone at predicting FFM, as expected from physiological considerations, and in keeping with the data presented in Table 1 and in the footnote to this table). The same conclusion can be reached with respect to estimates of FFM, assuming that it has a fixed hydration fraction. When hydrodensitometry was used as the reference method, it was found that the relationship of FFM with H 2 /R was stronger (r ¼ 0.93) than with H alone (r ¼ 0.85) and W alone (r ¼ 0.83). However, the relationship with W þ H was not reported, making it difficult to assess whether or not H 2 /R was a better predictor than W þ H. The study also established new equations with more variables and more predictive power, but again it is not possible to assess whether addition of R to the other variables (W, H, age and sex) significantly improved the prediction because the relevant information was not reported.
In a separate study, Jackson et al. 48 found that the R index (H 2 /R) was not superior to the body mass index (BMI; W/H 2 ) in predicting % body fat determined by hydrodensitometry in 132 adults.
In contrast to the above studies, others have suggested that R and H (for example, in the form of H 2 /R or R þ H as separate variables) have advantages over W þ H in predicting FFM. Kushner et al. 49 amalgamated results obtained from premature low-birthweight neonates with those obtained in children and adults. H 2 /R was found to be better at predicting measured TBW than W þ H, and when the number of explanatory variables was increased by adding H 2 /R to W and H, the prediction improved further. With this type of analysis, it is possible that large percentage errors in the prediction of TBW in the very small neonates have little impact on the overall regression coefficient and residual s.d., because the neonates had about 30 times less TBW than the adults. The study did not present results according to age groups, which makes it difficult to examine this possibility. Another study 25 in adults also suggested that there were advantages in using H 2 /R instead of W þ H to predict FFM measured by TBW. According to regression analysis, the R index, H 2 /R, was more strongly related to FFM Table 2 The predicted body composition was based on the impedance index (H 2 /Z), W þ H and both of these in combination (W þ H þ H 2 /Z), assuming that the hydration fraction of FFM is 0.73. The symbol at the top of the bar ( À ) indicates there is a significant negative relationship between the difference between the two estimates of body composition (predicted À measured) and the average of the two methods (Bland and Altman procedure). 25 One of the most extensive attempts to evaluate the relative merits of different equations for predicting body composition measured by TBW was undertaken in a group of older men (475 years) who were randomly selected from a general practice. 26 The following predictive equations were used: (i) 5 equations, which included W and H and/or BMI)-derived from studies involving measurements of TBW by isotope dilution (two of which included age); (ii) 11 other equation based on W and H or BMI validated against hydrodensitometry and other reference techniques (2 of which also included age); (iii) 20 equations incorporating impedance variables (only 4 involving an impedance variable and H only, and 16 involving an impedance variable, H and W, of which 5 also included age; and (iv) another 8 impedance equations validated against TBW. From an examination of all these equations, it appears that those that included impedance variables 26 did not perform better than those based on W þ H (or BMI), as judged by the bias (difference between predicted and measured TBW) and s.d. of the bias. In addition, a significant relationship between the bias and the average of the measured and predicted TBW was found more frequently when using equations that included impedance (12/19 in group (iii) and 3/8 in group (iv)) than those based on simple anthropometry (1/5 in group (i) and 1/11 in group (ii)).
A similar analysis was undertaken in a group of obese women, whose body composition was measured with water dilution and hydrodensitometry. 27 To overcome some of the limitations of each of these reference techniques, a three-component model of body composition was used, which incorporated measurements of TBW alone and body density alone. In this particular group of subjects, the equations that incorporated impedance variables may have performed generally better than those based on W and H (or BMI) (see Figure 4) . The two sets of predictive equations were also compared using TBW and hydrodensitometry as reference methods, and in both cases, similar patterns emerged. 27 Other studies have also compared bedside methods against individual reference methods with variable results. 35, 42, 44, 50, 51 Some studies have compared bedside methods against even more robust model of body composition, such as the four-component model, which incorporates measurements of mineral (obtained by DXA), TBW and body density. 42 For example, in a group of healthy lean adults (BMI 20.9 ± 2.1 kg/m 2 ) aged 18-59, little overall difference was found between the performance of the two bedside methods (body composition calculated by equations that incorporate BIA vs body composition calculated using simple anthropometry (W þ H)). In addition, little overall difference was found between the two approaches using each of the following as reference methods: the three-component model, DXA, hydrodensitometry and TBW. 42 Equations developed for use in a specific condition might be expected to be consistent with each other and to also show consistent differences with other more general equations, including those based on anthropometry. However, major inconsistencies can occur as in the case of COPD. Table 4 shows two equations that were validated against DXA and one against TBW, in studies that exclusively 52, 53 or predominantly 24 involved patients with COPD. The table also shows details of the subject characteristics, the limited reported information on hydration status, lung function tests and the methodology associated with BIA, including type of analysers used to establish R.
13,24,52-54 All three studies predominantly involved men of comparable age and H (Table 4) , and although there was substantial overlap in both W and BMI between studies, there were significant differences between them. For example, the mean BMI of the men of one of the studies was 21.6 kg/m 2 , which was one s.d. above the mean value of the study with the thinnest men, and almost two-third s.d. below the value of the study with the highest mean BMI (Table 4) . However, disease severity, judged by forced expiratory volume in 1 s (FEV 1 ), did not differ between the studies with the highest and lowest mean BMI (either in men or men þ women combined). This background information is provided in some detail, because for a given set of measurements (W, H and R), the three equations can yield very different estimates of body composition (FFM, fat mass and % body fat 52 , and only about a quarter of this value (5.6% fat) with the equation of Schols et al. 53, 62 When the R entered into the equations is increased from 400 to 500 O, the Kyle equation computes an increase of only 3.6% fat to yield 25.6% body fat, the Steiner equation computes an increase of 10% fat to yield 23% body fat and the Schols equation computes an increase of 14% fat to yield 19.8% fat. The equations clearly differ substantially in their sensitivity to a change in R. The effect of sex on body composition also varies according to the equation. For any given W, H and R, the Schols equation will produce the same result in males and females (because there is no gender term in the equation), the Kyle equation will always compute 4.036 kg less FFM (4.036 kg more fat) in females than males and the Steiner equations produce variable differences between males and females because the sex-specific equations use different coefficients (Table 4 ). With such differences between 'COPDspecific' equations (see Discussion of the possible reasons for the discrepancies), it is difficult to choose one of them for research purposes or for clinical purposes, and also difficult to evaluate whether the 'COPD-specific' equations have any overall advantages over more generic equations, including those based on simple anthropometry (W þ H) alone.
In summary, it seems that in predicting reference body composition (established by a wide range of methods), equations incorporating BIA in combination with anthropometry can in different situations show superiority, inferiority or no significant difference to those based on W þ H alone. Furthermore, in several situations, the addition of impedance to predictive equations that already incorporate W þ H provides little or no significant improvement.
ARE PREDICTIONS OF CLINICALLY RELEVANT OUTCOMES BASED ON BODY COMPOSITION ASSESSMENT USING BIA SUPERIOR TO THOSE BASED ON W AND H?
The idea that BIA can predict clinical outcomes, such as mortality and length of hospital stay, has been examined by many workers. However, an issue that has received little attention is whether the standard procedure for predicting such outcomes using estimates of body composition made using impedance and anthropometry is superior to using anthropometry (W þ H) alone or body composition calculated from simple anthropometry alone.
Kyle et al. 55 applied a BIA equation (with R, Xc, W and H as predictive variables), derived from 343 healthy adults whose body composition was assessed with DXA, 25 to a wide range of hospitalised patients, including those with cardiovascular, nephrological/urological gastrointestinal problems and trauma. They calculated the fat mass index (FMI ¼ BMI Â proportion of fat) and FFM index (FFMI ¼ BMI Â proportion of FFM). Using logistic regression and adjusting for age, BMI (dichotomised into low and high BMI) (420 kg/m 2 vs X20 kg/m 2 ) was found to be associated with prolonged length of hospital stay (odds ratios of 2.2 (95% confidence interval (CI) 1.6-3.7); when using a cut-off point of 5 days; and 2.4 (95% CI 1.6-3.7) when using a cut-off point of 11 days). The study also reported that both a low FFMI (dichotomised into low and high FFMI) and FMI (dichotomised into low and high FMI) significantly predicted length of stay, with odds ratios ranging from 1.9 to 2.8, which are comparable to those obtained with BMI as the explanatory variable. The authors went on to undertake a subgroup analysis, which showed that patients with low FFMI and high FMI had much longer length of hospital stay than patients with normal FFMI and FMI (that is, substantially increased odds ratios). FFMI and FMI derived from simple anthropometry (for example, W þ H or BMI; see Table 1) were not evaluated, and so appropriate comparisons with results obtained by BIA could not be assessed.
In contrast to the above study, which examined the effect of body composition and anthropometry on length of stay in a very heterogeneous group of patients, other studies examined clinical outcomes in specific groups of patients. Although a review of a broad range of disease-specific studies is beyond the scope of this paper, a flavour of the findings can be obtained by considering mortality and other outcomes in COPD.
Vestbo et al. 56 investigated the extent to which FFMI and BMI could predict mortality in 1896 patients with COPD over a 7-year period. FFMI was calculated from FFM using a predictive equation incorporating W, H 2 , R and age, which was validated by other workers at four laboratories in the United States against hydrodensitometry in a population with unspecified health status. 20 For all-cause mortality, the hazard ratio was found to be 1.8 (95% CI 1.3-2.7) when BMI was used as a predictor (dichotomised into low and high BMI), compared with 1.5 (95% CI 1.2-1.8) when FFMI was used as predictor (dichotomised into low and high FFMI). For COPD-related mortality, the hazard ratios were 3.2 (95% CI 1.5-7.0) when BMI was used as predictor and 2.4 (95% CI 1.4-4.1) when FFMI was used as predictor. These results, which were adjusted for age, sex, smoking chronic hypersecretion and FEV1% predicted, show no advantage of using FFMI derived from R together with W þ H, over BMI. FFMI derived from W and H alone was not evaluated.
Slinde et al. 57 also established FFMI using BIA, although no details were provided about the BIA machine or equations used to calculate FFM. In a population of 86 subjects who were studied for a mean of 6 years, neither the baseline BMI nor FFMI significantly predicted mortality in univariate analysis, although FFMI reached statistical significance (P ¼ 0.03) in multivariate analysis. Age alone Body composition BIA and simple anthropometry M Elia S65 seemed to be superior to both BMI and FFMI as it significantly predicted mortality in both univariate and multivariate analysis. This same study made measurements during the first year of follow-up, when the subjects participated in a rehabilitation programme, but neither the changes in BMI nor FFMI differed between survivors and non-survivors. FFMI derived from simple anthropometry equations based on W þ H was not considered.
Eisner et al. 58 found no significant relationship between selfreported functional limitations in COPD and either BMI or lean/fat mass ratio established using gender-specific equations with impedance (the equations incorporated Xc, R and H in the form of H 2 /R and W), which were validated using DXA in healthy subjects aged 55-96 years by another group of workers. 59 Faisy et al. 60 reported the results of a retrospective study of COPD patients who were admitted to the intensive care unit for the treatment of acute respiratory failure. The notes of 51 out of 338 (15%) patients contained information on anthropometry and BIA, which was related to the mortality of patients in the absence of data on hydration status. Body composition was assessed by dual frequency BIA, so that the low frequency (5 kHz) H 2 /Z could be used to estimate extracellular water with an equation established in healthy subjects using isotope dilution methods, and the high frequency (1 MHz) could be used to estimate FFM using equations established in healthy people using hydrodensitometry (the equations incorporated H and Z in the form of H 2 /Z, W, age and sex). Body composition was also assessed by skinfold thickness and by upper arm anthropometry. However, the results of the different body composition methods were expressed in different ways. Active cell mass (defined as FFM minus extracellular water, extracellular water and dichotomised arbitrarily using cut-off point (median value) of 40.6%) was expressed as % of measured body weight (this was significantly related to mortality (P ¼ 0.01)), whereas mid muscle arm circumference (dichotomised using a cut-off point of 80% predicted), calculated from mid upper arm circumference and tricep skinfold thickness was expressed as % predicted (this was also significantly related to mortality (P ¼ 0.01)), and FFM established by skinfold thickness was expressed as % ideal body weight (this was not significantly related to mortality). No consideration was given to estimating body composition from W and H and using it to predict mortality. The predictive ability of FFM calculated using impedance (see above) was also not reported. It is difficult to come to definitive conclusions from this study about the relative merits of different bedside body composition techniques, partly because of the methodological issues mentioned above, and partly because the relationships were established without adjustment for age, despite age being higher in the group of patients with a low active cell mass than the high active cell mass (74 vs 63 years; P ¼ 0.0003) in unspecified patient groups, which were established by dichotomisation of mid arm muscle circumference or estimates of FFM based on skinfold thicknesses.
Ischaki et al. 61 found that although exercise capacity (6 min walk distance) in COPD was associated with both BMI and FFMI using BIA, FFMI was additionally associated with significant correlations with the Medical Research Council (MRC) scale for chronic dyspnoea, FEV1% predicted and FEV 1 /forced vital capacity. FFMI established from W þ H was not considered. The paper did not report other variables used along with BIA to predict body composition, the nature of the prediction equations or the population used to establish it. It also did not use estimates of composition based on W þ H alone or BMI alone to predict the outcomes.
Unlike the above studies, Schols et al. 62 reported that their body composition prediction equation 53 (based on W, H and R, the last two combined into the R index, H 2 /R; see Table 4 ) was disease specific in that it was established in 32 patients with COPD who had TBW measured by the deuterium dilution method. The estimated TBW was then converted to FFM (assuming that FFM contains 73% water; the paper reported that none of the 32 subjects had clinical oedema, although some were receiving diuretics). Their prediction equation was applied to a separate group of 412 COPD patients with unspecified hydration status, who were followed up for a mean of 4 years. In univariate analysis, BMI, FFMI and FMI, each dichotomised into low and high values, predicted mortality with similar P-values (with BMI, the relative risk was 0.94 (95% CI 0.9-0.97), P ¼ 0.001; with FFMI, relative risk was 0.88 (95% CI 0.83-0.94), P ¼ 0.001; and with FMI relative risk was 0.93 (95% CI 0.83-0.99), P ¼ 0.009). In multivariate analysis, FFMI remained a significant predictor of mortality, whereas BMI dropped out of the model. Although this suggests that FFMI determined by H 2 /R and W provides information beyond that captured by BMI, the magnitude of this advantage and whether it is clinically significant is unclear. A variable may drop out of an equation even if it is contains minimally less information than another variable. It would have been interesting to have assessed whether the prediction of survival was clinically and statistically different when FFMI calculated by impedance is replaced by BMI or FFMI calculated by anthropometry alone (for example, for type of equation see Table 1 and Fuller et al. 26, 27 ). In summary, the evidence that body composition measured by BIA in combination with anthropometry is superior to anthropometry alone (W þ H or BMI) in predicting clinical outcomes, such as mortality, length of hospital stay and functional outcome measures, is inconsistent. Furthermore, none of the reviewed studies compared their findings with those based on estimates of body composition calculated by simple anthropometry. This means that the reviewed studies have provided no evidence that body composition calculated by BIA with anthropometry (typically W þ H) is better at predicting clinical outcomes than body composition calculated by simple anthropometry alone.
DISCUSSION
Given that both undernutrition and overnutrition are common in clinical practice measurement of body composition may help in the general management of patients. For example, the amount of lean tissue in the prematurely born neonate can help inform the paediatrician about the amount of nutritional repletion that is required. In adults who have lost lean tissue and function, it is desirable to regain lean tissue during rehabilitation and not just fat. In the treatment of obesity, it is desirable to lose predominantly fat, although some lean tissue loss is generally inevitable. However, clinical decisions about the need for nutritional support are not only based on W status (or only the presence of muscle wasting or the extent to which body composition is deranged) but also on the direction of change. A patient who is unintentionally losing a substantial amount of W is generally at greater risk of complications and delayed recovery from illness than one who is not losing, even if the two individuals have the same body composition. Sequential measurements are more valuable than single measurements.
The introduction of a new technology into clinical practice to aid management of patients often requires a consideration about its advantages and disadvantages relative to existing technologies, as well as a consideration of its clinical effectiveness and costeffectiveness. There is a need to take into account the accuracy and potential clinical value of the information gathered by the technology, as well as practical issues associated with acquiring the relevant information.
Practical issues associated with BIA One of the advantages of BIA measurements is that they are usually highly reproducible (although not necessarily more reproducible than measurements of W or H 63 ). This can be of particular practical value in measuring body composition and changes in body composition in grossly obese individuals in whom skinfold thickness measurements can be difficult or impossible to measure. In addition, in obese individuals, it may be difficult to identify the presence of reduced lean tissue or muscle mass when it is covered by a thick layer of adipose tissue. Unlike skinfold thicknesses, which assess body composition by directly measuring adipose tissue thickness, BIA assesses body composition by measuring lean tissue.
Another potential advantage of BIA concerns the R index (H 2 /R). Because R is proportional to the length and inversely proportional to the cross-sectional area of a uniform conductor, R is proportional to length/area and to length 2 /volume (volume ¼ length and area). After rearranging and substituting H 2 for length 2 , the equation suggests that the conducting volume (in the fat-free body) is proportional to H 2 /R. This index, which has been widely used to establish equations for predicting body composition (Table 1) , is of particular clinical interest because it does not include W. It can therefore provide an indication of the absolute amount of water or fat-free volume (and FFM) in individuals without a W measurement, which can be valuable in those who are bed-bound patients and in whom measurements of W can be difficult or impossible to obtain. However, many of the predictive equations not only include the impedance or R index but also W and sometimes other variables (Table 1) , which eliminates this practical advantage.
There are also some practical disadvantages to using BIA routinely in busy clinical environments. Although the traditional techniques for obtaining whole-body BIA between wrist and ankle (and other required measurements, such as H and W) typically take only a few minutes, they generally require more time and effort to acquire than measurements of W and H. The BIA measurements could take considerably longer to acquire if the patient is instructed to rest in a recumbent position for up to 0.5-2 h in an attempt to establish stability in fluid distribution after a change in posture. Such procedures, which have been used in validation studies often in conjunction with fasting requirements, can make the procedures more demanding. The routine use of BIA would also require education and training beyond that associated with making the measurements, because health-care workers appear to find impedance indices more difficult to understand as markers of underweight and obesity than W and H or BMI. It should also be remembered that nutritional screening, which often involves measurements of W and H, is often recommended in routine clinical practice, for example, on admission to hospitals and care homes, and in several countries, there are inspections and regulations about nutritional screening. Although measurements of W and H may not be made primarily to determine fat mass and FFM, they can nevertheless be used for this purpose. They are also available for other purposes, such as drug dosing and estimating renal function.
Is BIA with anthropometry superior to W and H alone in predicting body composition and clinically relevant outcome measures? The failure of BIA in combination with anthropometry (typically W þ H) to demonstrate superiority over simple measurements of W þ H in predicting body composition in several circumstances is a major hurdle to the implementation of BIA in routine clinical practice. The finding may seem surprising because there are obvious limitations to using only W þ H (or BMI). For example, a high BMI does not distinguish between heavily muscled individuals with relatively little fat and those with little muscle and much more fat (sarcopenic obesity), whereas BIA has been promoted as being able to overcome this difficulty. However, to evaluate the relative merits of the two approaches in comparable ways, it is necessary to take into account the advantages and disadvantages of both methods. A simple way of looking at the problem is that R (or Z), which is almost invariably used together with H (for example, as H 2 /R or R þ H separately; see Table 1 ) to predict body composition, involves two measurements, R and H. The alternative procedure of using W and H to predict body composition also involves two measurements. Because H is common to both of them, the two approaches differ in that one additionally uses R and the other W. Although the predictive power of two measurements depends to some extent on the way they are combined in an equation (for example, W þ H or W/H or W/H 2 ), the two approaches essentially differ in that one includes R and the other W. This raises the question about which approach is better for predicting body composition. Another way of looking at the problem is despite the belief that W þ H (or BMI) cannot predict body composition, this is incorrect because they have been used for this purpose for many decades, and the methodology for doing this has been described and illustrated in this paper. This means that even if FFMI calculated from BIA þ anthropometry is found to be superior to W þ H alone or BMI alone at predicting clinical outcomes, it does not prove that the former approach is superior to the FFMI calculated from W þ H. The conversion of BMI or W þ H to body composition makes use of the additional information obtained from validation studies of body composition (for example, see Table 2 ). If W þ H or BMI are directly related to clinical outcomes, no use is made of this additional information. In contrast, use is made of such information by impedance equations that have been validated against reference body composition methods. It is perhaps surprising that these issues have not been considered more frequently by those evaluating the potential applications of whole-body BIA in clinical practice. For example, none of the reviewed studies used body composition calculated from W þ H to predict clinical outcomes, and so the relevant comparisons with those involving BIA and anthropometry are lacking.
Because the analysis from the first part of this paper suggests that BIA has inconsistent advantages over W þ H and in several situations either no significant advantage or even disadvantages, it is necessary to consider the potential theoretical limitations of using whole-body BIA to determine body composition in clinical practice.
One of the limitations of whole-body BIA is that it assumes that the resistivity of the conducting fluid is constant, although in reality it varies between individuals. Another limitation is that at a given frequency (50 kHz is typically use by standard BIA analysers), the penetration of the current into the intracellular fluid also varies between individuals, as does the characteristic frequency. (The characteristic frequency is the frequency at which the ratio of current passing through extracellular and intracellular fluid is independent of the Xc of the cell membrane, that is, it is a function of only the ratio of extracellular to intracellular resistances.) Yet, another limitation of whole-body BIA is that the theory on which it is based assumes that the conducting fluid has a uniform cross-sectional area, which is far from being the case, given the large differences in dimensions of the trunk and limbs. As a consequence of the different dimensions of body segments, the upper limb of adults, which accounts for only a small proportion of body weight, has been found to contribute to about 45% to the total impedance between wrist and ankle, the lower limb a similar percentage and the trunk, which is responsible for about half of body weight, to only about 10% of whole-body impedance. 44 The disproportionate contribution of limbs, especially the upper limbs to whole-body impedance also occurs in children (for example, see Fuller et al. 64 for children aged 8-12 years), but the relative contribution of body segments probably varies with age according to stage of development. Importantly, there are differences between children and between adults of the same age in the relative dimensions of body segments and their contribution to whole-body impedance, which confounds estimates of body composition. It is not only the amount of conducting tissue that determines whole-body impedance but also its distribution between body segments.
Because the slope relating the impedance index (H 2 /Z) to FFM (determined by the four-component model in healthy individuals aged 4-24 years) has been found to vary according to age group and pubertal status, it has been suggested that the altered relationships could be due to variations in the relative dimensions of body segments during normal growth and development.
11 This makes it difficult to establish a single accurate BIA equation during childhood. Furthermore, the presence of malnutrition during childhood may ultimately reduce the leg-to-trunk length in the adult, and this could also influence the accuracy of body composition measurements obtained by BIA. Ethnic differences in limb-to-trunk length ratios also exist, which is one reason why several groups have attempted to establish more accurate ethnicspecific BIA equations.
From the above considerations about distribution of wholebody impedance between body segments, it would be expected that substantial variations in the mass or changes in the mass of conducting fluid in the trunk would have a disproportionately small effect on whole-body impedance. This could explain why standard BIA equations have been reported to underestimate TBW (and FFM) in patients with ascites 65 and to severely underestimate TBW loss induced by paracentesis of ascitic fluid in patients with cirrhosis. 66 The same amount of fluid accrued or lost from the limbs is expected to produce a larger change in whole-body impedance than fluid accrued or lost from the trunk. A study involving patients undergoing haemodialysis for renal failure demonstrated highly significant relationships between the amount of fluid lost and the increase in impedance index in all of the individuals studied. However, for the same amount of fluid removed the increase in impedance index varied substantially between subjects, increasing several fold more in some individuals than others. 67 One of the explanations suggested in the paper concerned variations in the site of fluid removal. Segmental BIA can be used to investigate some of these issues.
A general issue that limits the accuracy of body composition techniques in routine clinical practice is that they commonly use predictive equations established in healthy subjects, which can be prone to errors when applied to different populations, especially those with disease and fluid and electrolyte disturbances. In patients with fluid disturbances, the magnitude of the error depends on the degree of overhydration or dehydration, but the direction of the error depends on the technique and assumptions used to validate the impedance equations. For example, when TBW is the reference method, use of the normal hydration fraction (typically 0.73 in adults) to convert TBW to FFM will result in an overestimation of FFM in fluid-overloaded and oedematous subjects. In contrast, using densitometry (hydrodensitometry or air-displacement plethysmography), use of the standard density equations will underestimate FFM in fluid-overloaded and oedematous subjects because the density of FFM is reduced by overhydration. 35, 43 Unfortunately, fluid disturbances are common in clinical practice. A national survey in the United Kingdom suggested that about 10% of patients admitted to hospital had evidence of oedema, but the prevalence was higher in older individuals and in those with renal, cardiac and respiratory disease (M Elia, unpublished data). Disease-specific equations are not necessarily free from such errors. For example, a COPD-specific equation validated against TBW in patients without oedema assumed that the hydration fraction of FFM is 0.73. 53 However, it is inappropriate to apply this equation to COPD patients with altered hydration, for example, those with dehydration due to diuretics or those with oedema due to cor pulmonale, which is not uncommon in such patients. This means that the merits of simple equations for predicting body composition in specific patient populations may be lost or attenuated when they are uncritically applied to different populations, even those suffering from the same condition. The same issues apply to other bedside body composition methods, including simple anthropometry.
The analysis of 'COPD-specific' equations suggests that there can be major discrepancies between them, and are also likely to yield variable results when compared with more general equations, including those based on anthropometry alone. Caution should be taken not to use these disease-specific equations uncritically or interchangeably. The reasons for the discrepancies deserve brief discussion because they are of general importance to the field of body composition and its potential impact on clinical practice. A possible explanation concerns differences in the characteristics of the populations involved in the validation studies (Table 4 ), including differences in hydration status, which was mentioned in only one of the three validation studies. There could be differences in the procedures used to measure impedance (for example, measurements made in recumbent vs semi-recumbent position or the duration of recumbency or fasting (Table 4) ), and there could be differences in the type of analyser used. However, the study of Kyle et al indicated that it cross-validated its instrument with the type of instrument used in the study of Schols et al (results of ±5 O for R), which argues against this being a major cause for the large discrepancy in the results generated by the two prediction equations. There could also be discrepancies between the reference methods such as DXA, TBW and hydrodensitometry (for example, see Fuller et al. 42 , Morgan et al. 51 and Wells et al. 68 ). In the case of DXA, the body composition results can vary according to the manufacturer of DXA machine, different models produced by the same manufacturer and the software used to interpret the results. Fluid disturbances can also cause errors, not only when TBW and densitometry are used but also when DXA is used, as suggested by investigations carried out in vivo and in vitro. [69] [70] [71] Validation of DXA, TBW and hydrodensitometry against more robust methods of body composition, such as the four-component model 42, 51, 68, 72 are available for critical evaluation. There are also many separate validation studies of DXA against chemical analysis of animals (for example, see Speakman et al. 73 ). In a series of studies involving groups of patients with COPD and a study of mixed groups of patients, it was found that there were variable associations between the FFMI (or lean/fat mass ratio), determined by whole-body BIA and anthropometry, and clinically relevant outcome measures, such as length of hospital stay, mortality and lung function tests. However, when FFMI was not associated with significant relationships, BMI was also not associated with significant relationships. When FFMI was associated with significant relationships, BMI was generally also associated with significant relationships. An exception is a COPD study in which some of the outcomes (dyspnoea and lung function tests FEV 1 % predicted and FEV 1 /forced vital capacity) were significantly related to FFMI (calculated using BIA, with equations that were not specified in the paper 61 ) and not BMI. However, this study, like all other reviewed studies that reported clinical outcomes, did not consider the value of using FFMI calculated from W þ H (or BMI) alone. Therefore, there is no evidence from these studies to suggest that FFMI calculated by BIA with simple anthropometry is any better at predicting clinical outcomes than FFMI calculated by simple anthropometry alone. Until such evidence materialises, many health-care workers are likely to remain somewhat sceptical about routinely using the traditional procedures for measuring whole-body BIA in their practice.
A limitation of this paper is that the synthesis of evidence was not based on a systematic review of the literature, and this may have skewed some of the quantitative perspectives about the merits of BIA þ anthropometry relative to simple anthropometry alone. Nevertheless, the analysis is sufficient to illustrate that in several circumstances, the traditional measurements of wholebody BIA between wrist and ankle in combination with simple anthropometry (H ± W) have struggled to demonstrate any advantages over W and H (or BMI) alone in predicting body composition measurements established by a range of reference techniques. Furthermore, no evidence was found from the reviewed studies that prediction of clinical outcomes from FFMI calculated from BIA and anthropometry was better than FFMI calculated from simple anthropometry alone.
Alternative applications of BIA: beyond body composition An alternative and complimentary approach to using body composition to predict clinically relevant outcomes is the use of the raw impedance measurements or impedance indices. For example, the phase angle (arctangent Xc/R), which reflects a relationship between Xc (capacitance of the cell membrane) and R, is reduced in many diseases (it also tends to be lower in women than men and in older than younger subjects 74, 75 ). The ratio of R at low frequency (when the current flows though the extracellular space without penetrating the cell) and high frequencies (when the current flows both outside and within the cell) not only provides information about the distribution of fluid within the body but may also provide information about disease activity. This is at least partly because inflammatory substances, such as cytokines, increase the permeability of the capillary to albumin, moves from the intravascular to the extracellular space, which retains water to maintain oncotic pressure; the capillary leak syndrome. Plotting Xc and R values obtained at different frequencies (Cole-Cole plots) can also be used to establish extrapolated values of R at infinitely high frequency and at zero frequency, the ratio of which reflects the TBW/extracellular fluid ratio. Cole-Cole plots can also be used to establish the phase angle at many different frequencies, as well as the characteristic frequency, which, for reasons given above, may have some theoretical advantages over other frequencies in estimating body composition. Vector analysis 76 is yet another method for examining relationships between Xc and R, which can help asses nutritional and fluid status. There is clear proof of concept that markers such as, phase angle, R 0 /R inf (or R low /R high ), can be of prognostic value, for example, with respect to mortality in a wide range of disease states, including renal disease, COPD, cancer, HIV and sepsis. One of the advantages of directly using such indices to predict outcomes is that they bypass the intermediary step of body composition and its associated assumptions (for example, the fixed density and hydration fraction of the fat-free body), which are invalid in many groups of patients. There may also be advantages in combining these techniques and also undertaking measurements of segmental impedance. Although there is a considerable future potential for these technologies to make their way into routine clinical practice, there will still be a need to systematically examine whether the information offered by these approaches is more powerful or independent of other simpler methods or those relying on measurements that are already routinely collected in clinical practice.
